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Non-reciprocal devices have become key components for 
enabling transmission and reception on the same commu-
nication channel, contributing to the rise of the new genera-

tion of cellular networks (5G) based on full-duplex radiofrequency 
communications. Similarly, as optical-frequency systems advance, 
it is becoming increasingly important to implement non-recipro-
cal devices in silicon photonic circuits. The ability to miniaturize 
non-reciprocal systems towards the portable mobile scale and boost 
their performance is enabling a wide range of applications in opti-
cal communications, signal processing, spectroscopy and sensing. 
So far, integrated non-reciprocal devices have been demonstrated 
by using spatiotemporal modulation1–3, magnetic bias4–6, Brillouin 
scattering7,8 and optical nonlinearities9–15. Although it is well estab-
lished that in a linear material non-reciprocity requires an exter-
nal bias that breaks time-reversal symmetry, χ(3) nonlinear devices 
eliminate this need and can be implemented in a monolithically 
integrated platform. Such devices can thus greatly simplify the fab-
rication steps as well as device design and operation. Despite the 
constraints imposed by dynamic reciprocity16 on passive nonlinear 
devices under simultaneous excitation from both ports, silicon χ(3) 
nonlinear devices are still attractive if the outstanding challenges of 
integrated non-reciprocal devices17 can be overcome. In particular, 
optical isolation in large-scale integrated photonics has remained 
elusive, mainly due to issues with high insertion loss2–6,10,17,18, narrow 
bandwidth19 and scalability5,8. The development of such a silicon-
based chip-scale non-reciprocal device may lead to novel nonlinear 
devices and systems for applications in optical communications and 
LiDAR (light detection and ranging)20

Here, we demonstrate all-passive, bias-free non-reciprocal 
transmission and routing of mode-locked pulse streams in silicon 

photonic systems. First, an asymmetric Fano resonator is imple-
mented with a conventional microresonator side-coupled to a bus 
waveguide containing compact inverse-designed reflectors. χ(3) 
nonlinearity enables self-biased and high-speed non-reciprocal 
transmission in the silicon microresonators, and our device exhibits 
record-low insertion loss and a high non-reciprocal transmission 
ratio. Addition of a drop waveguide to the silicon Fano resonator 
enables non-reciprocal routing of a pulsed signal, and we demon-
strate its usefulness for frequency comb-based optical ranging. In 
particular, we experimentally demonstrate a chip-based LiDAR 
system, which enables distance measurements at up to 60 m with 
a bias-free, fully passive non-reciprocal device. Importantly, it has 
been recently shown that any nonlinear single-resonator device is 
affected by a fundamental tradeoff21 between the maximum forward 
transmission (T) and the range of powers over which non-recip-
rocal transmission can occur—typically termed the non-reciprocal 
intensity range (NRIR)—given by

T≤
4 ´NRIR

ðNRIR þ 1Þ2 ð1Þ

Therefore, a larger T can be obtained only at the expenses of a 
smaller NRIR, and vice versa21. By characterizing several single-res-
onator devices we provide experimental and systematic verification 
of this bound. For practical photonic applications it is extremely 
important to relax this tradeoff between operating power range and 
transmission17. As recently shown22, the single-resonator bound 
can be overcome by cascading two nonlinear resonators. Following 
this approach, we exploit the large versatility of our inverse design 
and fabrication process to implement a cascaded Fano–Lorentzian 
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resonators device. This allows us to obtain near-unity transmis-
sion (T > 98%) for NRIR > 6 dB, largely beating the single-resonator 
bound. Beyond the direct demonstration and application of these 
nonlinear non-reciprocal devices, this work illustrates a platform-
independent design method to unlock novel functionalities in inte-
grated nonlinear optics such as saturable absorption and nonlinear 
signal processing.

Results
Device implementation. The mechanism exploited here to achieve 
passive non-reciprocity relies on a combination of geometrical 
asymmetry and electromagnetic nonlinearity. When an asymmetric 
two-port resonator is optically pumped from one of the two ports, 
different intracavity intensities are obtained depending on the input 
port chosen. A χ(3) nonlinearity inside the resonator will therefore 
lead to a different cavity frequency shift for the same input power. 
This mechanism can enable efficient and low-power non-reciprocal 
transmission if the induced frequency shift is comparable to the 
detuning between the points of maximum and minimum transmis-
sion of the linear device. A sharp frequency response can be obtained 
by engineering a Fano resonance, where the interference between 
discrete cavity resonances and the continuum of waveguide modes 
creates an asymmetric lineshape with a sharp transition between 
transmission dips and peaks21,22. The forward transmission in this 
single-resonator scheme is constrained to follow the fundamental 
bound imposed by equation (1) and is further limited by any addi-
tional intrinsic loss mechanism. Cavities with low intrinsic loss can 
thus allow device operation very close to the fundamental bound 
when properly optimized.

We implemented the two-port Fano resonance device with 
a high-Q (quality factor) silicon racetrack resonator coupled to a 
silicon bus waveguide containing an inverse-designed reflector, as 
illustrated in Fig. 1a. The device layer has a thickness of 220 nm on 
2 μm-thick silicon oxide layer, and the resonator was designed to 
operate in single mode at a wavelength of 1,550 nm (Fig. 1a, inset 2). 
Using fabrication-constrained inverse design23,24, a partially trans-
mitting element (PTE) was designed in the waveguide at the resona-
tor coupling region to create a Fano lineshape in the cavity response 
function25–28. It is important to note that intrinsic cavity loss can be 
seriously degraded due to parasitic loss of the PTE12,28, but, inverse 
design enables us to mitigate additional cavity loss through the PTE 
while managing the cavity–waveguide coupling strength in parallel 
(Supplementary Sections III and IV). Moreover, the low intrinsic 
loss of the resonators allows relatively small resonator-waveguide 
coupling to be the dominant cavity loss, enabling these single-res-
onator devices to operate near the fundamental bound and achieve 
almost the maximum forward transmission constrained by a given 
non-reciprocal intensity range. Although operating in this over-
coupled regime reduces the loaded cavity Q and hence reduces the 
resonant power enhancement, the sharp lineshape featured by Fano 
resonators as well as the low intrinsic loss can still provide non-
reciprocal transmission at moderate power levels21,22.

The PTE is positioned with a slight offset (for more details see 
Methods) from the centre of the coupling region toward the input 
port, so as to create asymmetric coupling to the resonator from 
opposite ports12. For the specific device shown in Fig. 1, we designed 
the PTE to provide a reflection of 80%. As explained in refs. 21,22,29, 
reflection at the input port is required for the device to support an 
asymmetry between the strength of the resonator coupling at the 
two ports, which in turn controls the maximum achievable NRIR21; 
for the chosen reflectivity level of 80%, the NRIR of the device can 
be as large as 9 dB (see Supplementary Section III for details). Inset 
4 in Fig. 1a shows the inverse design optimization trajectory and a 
scanning electron micrograph (SEM) image of the fabricated PTE 
structure. Spectral measurements of a single microresonator with 
the PTE were performed by monitoring the waveguide transmission 

as the laser wavelength was scanned, and the right panel of inset 
4 presents a spectral scan near 1,541.5 nm. Linewidth extracted 
from the fitted Fano curve25, shown in red, gives a loaded Q factor 
of 1.4 × 104, an unloaded Q factor of 8.9 × 104 and a non-resonant 
reflection of 81.6%.

Device characterization. To validate the operation of the Fano 
non-reciprocal device, we measured the forward and backward 
transmission over a 12 dB range of continuous-wave (c.w.) input  
(Fig. 1b). Following previous works,21,22 we define the NRIR as the 
ratio of input powers from opposite propagation directions that 
leads to the threshold-like transmission transition. The forward 
and backward transmissions were measured without counter-
propagating waves (for more experimental details see Methods). 
The maximum transmission contrast between the two directions is 
20.3 dB (minimum of 12.9 dB) and the average contrast is 17.7 dB 
within the operating power range indicated by the shaded region. 
The maximum forward transmission is 77% (corresponding to an 
insertion loss of 1.1 dB) and the non-reciprocal operation range is 
4.5 dB (operation power of 4.55–9.05 dBm loaded on the silicon 
waveguide). We note that the non-reciprocal device performance 
falls within the bound in equation (1), as the maximum forward 
transmission allowed with this NRIR is 80%. We have experimen-
tally verified that this bound holds for many other single-resonator 
devices, as shown later in Fig. 3b. Importantly, our device design 
enables the implementation of single Fano cavities that operate 
close to the bound and thus achieves insertion loss lower than the 
record values of current state-of-the-art devices (Supplementary 
Section VIII)2,6,10,12,18.

To demonstrate the applicability of this Fano non-reciprocal 
device to high-speed signal processing, we also characterize the for-
ward and backward transmission with a 10 GHz modulated c.w. sig-
nal (Fig. 1c) generated using a Mach–Zehnder (MZ) modulator12. 
We use a peak power of ~5 mW (~7 dBm), corresponding to an 
average energy of ~250 fJ per period. The forward transmission fol-
lows the input sinusoidal waveform with ~−15 dB of total harmonic 
distortion and −1.05 dB average insertion loss, while the back-
ward transmission is strongly suppressed. The transmission trace 
is naturally compressed at low input powers due to the threshold-
like transfer function (Fig. 1b). The non-reciprocal transmission 
ratio and NRIR decrease as the modulation frequency increases 
(Supplementary Section VII), but we did not observe insertion 
loss change within our experimental bandwidth (0–15 GHz), and 
the distortion due to finite bandwidth can be mitigated by using a 
resonator with lower Q (obtained by increasing the waveguide–ring 
coupling), while the consequential increase of the operating power 
can be mitigated by reducing the mode volume (Supplementary 
Section III). The operation of the particular device shown in Fig. 1 
is limited to pulse widths greater than 100 ps, set by the cavity decay 
rate, and a detailed characterization is provided in Supplementary 
Section III. The threshold-like input–output power transfer func-
tion and high-speed operation capability, demonstrated in Fig. 1b,c, 
satisfy requirements for an all-optical regenerator30–32 and point to 
its potential usefulness not only for non-reciprocal devices but also 
for nonlinear signal processing in optical communications.

Demonstration of optical ranging measurement based on 
non-reciprocal transmission and all-optical routing. Although 
χ(3)-based non-reciprocal devices are fundamentally limited by 
time-reversal symmetry and thermodynamic considerations, their 
passive, magnet-free, bias-free, simple architecture makes them 
particularly appealing for integrated photonics. We show how these 
devices can be used in a range of important photonic systems oper-
ating with pulsed signals, where the forward and backward ports are 
not simultaneously excited (Supplementary Fig. 7). Despite recent 
advances in photonic integration, such as large-scale phased array33 
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and microcomb sources20, which are a promising step towards min-
iaturization of LiDAR systems, other chip-based components like 
isolators and circulators are still required in a full system to har-
ness the potential of these approaches. As a demonstration of how 
our silicon device is useful for integrated LiDAR systems, we per-
formed precise and reliable optical distance measurements using a 
frequency comb as the source and our device as both the on-chip 
non-reciprocal transmitter and router. A pulse routing waveguide 
was added to the Fano non-reciprocal device (see device schematic 
in Fig. 2a) to enable the device to guide the pulses from both the 
pump laser and the detection target to the same photodetector while 
protecting the pump laser from the reflected pulse.

The experimental schematic used for the optical ranging mea-
surement is illustrated in Fig. 2a. For mode-locked pulse generation, 
we use a fibre ring resonator consisting of an erbium-doped fibre 
amplifier, a semiconductor optical amplifier, polarization controller 
and bandpass filter. The 5 MHz pulse repetition rate allows measur-
ing distances up to 60 m, and the central frequency of the pulse can 
be adjusted to the Fano device operation range using the bandpass 
filter. The generated pulse streams are split by a 50:50 fibre-based 
coupler and one part is directly sent to device port 1. The other part 

of the pulse stream is first passed through a fibre delay line (physi-
cal path length ~5, 20, 25, 30 m) and then sent to port 2. The pulse 
stream coupled to port 2 does not propagate to port 1 because of 
the Fano resonator (as checked by monitoring PD1, Fig. 2c), while 
the pulse stream from port 1 is transmitted to port 2 of the device 
(monitored at PD2). The device routes the pulse stream from port 
2 to port 3 in the other waveguide coupled to the Fano resonator 
(Fig. 2b), where it combines with the input pulse stream from port 
1 to generate an electric signal trace of dual pulse streams (Fig. 2d) 
at PD3. An enlarged view of the trace (lower panel, Fig. 2d) shows 
the reference and target peaks within two periods of 192 ns, and 
the time interval between reference and target peaks is calculated 
for each period and converted to the distance scale. Figure 2e plots 
distance versus time, where the time increment is the reference 
pulse period, showing the stability of the distance measurement. To 
extend this distance measurement set-up into a LiDAR system, the 
device can be equipped with an integrated microlens20,34, metalens35 
and phased array33 at port 2 to emit the pulse stream from port 1 
towards the target and to receive the reflected pulse streams. The 
received pulse in a typical LiDAR system is a low-intensity signal, 
so back-reflection at the isolated port and pulse emitter of the signal 
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Fig. 1 | All-passive non-reciprocal transmission using a silicon photonic resonator. a, Schematic of the Fano non-reciprocal device. The silicon resonator 
(inset 1: SEM image of the resonator) only supports a fundamental transverse-electric (TE) mode (inset 2: simulated spatial mode profile). A silicon 
waveguide is side-coupled to the racetrack resonator, and the yellow box on the waveguide shows the location of the inverse-designed reflector used to 
synthesize Fano resonances. This inverse design area is offset with respect to the centre of the cavity–waveguide coupling region to break the symmetry 
between the forward- and backward-direction coupling rates. As a result, forward- and backward-direction excitation with the same input intensity 
produces different shifts of the resonator resonant frequency, and thus of the transmission lineshape (inset 3). In inset 4, the left plot presents the inverse 
design optimization trajectory, showing the simulated device reflection versus optimization iteration, as well as an SEM image of the final fabricated 
inverse-designed reflector (scale bar, 1 μm). The right plot presents the measured transmission spectrum of the fundamental TE mode in the silicon 
racetrack resonator with the inverse design reflector. Red line is a fit of the data with a Fano model. b, Measured transmission versus input power to the 
Fano resonator in the forward (black) and backward (red) directions. The c.w. input is coupled to the input and output ports separately, and the transmitted 
signal is measured at the opposite port. c, Transmitted signal trace of a 10 GHz modulated c.w. signal for excitation in either the forward or backward 
propagation directions (monitored by a digital communication analyser). The measured output power is calibrated with the chip-to-fibre interface 
efficiency. Note that the input optical signal has distortion due to the nonlinear response of the Mach–Zehnder interferometer-based intensity modulator 
and radiofrequency amplifier used to generate the signal (Supplementary Section VII).
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is also weak, making it practically suitable for a precise distance 
measurement. Our Fano non-reciprocal transmitter–router device 
can protect the pulsed laser source from the reflected pulse streams 
for stable system operation while routing light from these reflected 
pulses to the other waveguide. In this measurement, the reference 
and reflected pulses do not arrive on our device at the same time 
and hence bypass the dynamic non-reciprocity constraint16. Such 
operation, in principle, can also be realized using active time-gated 
switching, but high-speed operation is challenging36. Furthermore, 
we expect that the reflected pulses can be isolated even under 
simultaneous excitation if another Fano resonator is connected 
in series with a time delay corresponding to half the pulse width 
(Supplementary Section VI). Based on these findings, our experi-
ment demonstrates the viability of the realized passive non-recipro-
cal transmitter and router to act as an essential component in a fully 
integrated chip-scale LiDAR system.

Operation over a broad power range based on cascaded non-
linear resonances. Unlike linear non-reciprocal devices that can 

potentially work under any input power, nonlinear passive devices 
based on a single resonator can lead to non-reciprocal transmis-
sion only over a limited range of signal powers (NRIR). In fact, as 
already mentioned above, single-resonator devices are affected by 
a fundamental tradeoff between the maximum achievable forward  
transmission and the NRIR21. Here, we provide the first experimen-
tal verification of this fundamental constraint by characterizing  
several single-resonator devices. The different designs are obtained 
by varying the reflectivity of the inverse-designed coupling element 
and the cavity–waveguide gaps in the device in Fig. 1a. The blue bars 
in Fig. 3b show the measured forward transmissions and NRIRs for 
each single-resonator device, and the shaded region corresponds to 
the theoretical bound in equation (1). For each device, the two edges 
of the corresponding bar in Fig. 3b denote the minimum and maxi-
mum transmission within the NRIR. All the investigated single-res-
onator devices are clearly constrained by the bound. As an example, 
panels 1 and 2 of Fig. 3c show transmission versus input power for 
single resonators in the forward and backward directions. These 
results clearly illustrate that a highly transmissive (T = 0.96) device 
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is affected by a narrow operating power range (~0.1 dB), while a less 
transmissive (T = 0.82) device can operate over a broader power 
range (3.1 dB). If unitary transmission is required, the operation 
range for a single resonator device shrinks to zero.

Increasing the operating power range of these devices while 
keeping quasi-unitary transmittance is fundamental for their use in 
many photonic applications17. It was shown in ref. 22 that two cas-
caded nonlinear resonators, interleaved by properly chosen delay 
lines, can overcome this constraint and realize non-reciprocal trans-
mission over a broad operating power range, beyond the bound 
in equation (1). We implemented the system proposed in ref. 22, 
consisting of cascaded Fano–Lorentzian resonators (Fig. 3a). The 
Lorentzian response is obtained using the same waveguide-coupled 
racetrack resonator configuration, but with a highly reflective cou-
pling element obtained again by inverse design (right inset, Fig. 3a). 
The Fano resonator is similar to the device characterized in panels 
1 and 2 of Fig. 3c, but with a coupler element designed to obtain 
56% reflectance. A key element to overcome the single-resonator 
bound is the ability to control the phase delay between the Fano and 
Lorentzian resonators22. In our device, the phase delay is set litho-
graphically by the physical length between the two reflector elements 
along the waveguide. We characterized several Fano–Lorentzian 
cascaded systems, with various phase delays, and compared their 
operations with the single Fano devices. The red bars in Fig. 3b 

show the transmission versus NRIR of four cascaded resonators 
measured at the same wavelength as the single-resonator systems. 
For selected phase delays we obtain a clear breaking of the single-
resonator bound (panels 3 and 4 of Fig. 3c, and bars labelled ‘3’ and 
‘4’ in Fig. 3b). For the device shown in Fig. 3c, panel 4, a maximum 
forward transmission of 98% (0.17 dB insertion loss) is achieved 
while maintaining at the same time an NRIR (6.3 dB) much bigger 
than the one allowed by the single resonator limit (compare with 
Fig. 3b). We note that the forward transmission fluctuates within 
the NRIR. This is because the transmitted power is controlled by the 
total phase (ϕ) accumulated by the laser beam during a roundtrip, 
which depends, among other parameters, on the detuning between 
the laser and resonator frequencies. The cavity frequencies, in turn, 
depend on the intracavity intensities due to the χ(3) non linearity, 
thus introducing a nontrivial dependence of ϕ on the input power 
(for further discussion see Supplementary Information). It is worth 
noting that, despite these transmission fluctuations, the two-res-
onator cascaded devices can still be designed to break the single-
resonator bound for any value of power within the NRIR. For the 
device shown in Fig. 3c, panel 4, for example, the minimum for-
ward transmission within the NRIR is ~71%. This value, although 
smaller than the maximum (98%), still breaks the single-resonator 
bound (compare with Fig. 3b for an NRIR of 6.3 dB). We note that, 
in this all-passive device experiment, no attempt to actively control 
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trajectory to obtain the desired non-resonant high reflection; bottom: low-power transmission of a single device with non-resonant reflection R = 94 %,  
red line is a fit with a Lorentzian lineshape). The Fano resonator is implemented using the same inverse-designed reflector shown in the inset of Fig. 1a.  
b, Forward transmission (filled and open circles indicate maximum and minimum transmission, respectively, within the operating power range) versus 
non-reciprocal intensity range for single (blue) and cascaded (red) resonators. The shaded region corresponds to the theoretical bound on single resonator 
operation21,22 and bars represent the range of transmission within NRIR. The dots outlined with red-dashed circles are measurement results for the  
devices presented in Figs. 1 and 2. c, Measured transmission versus input power of single resonators (1 and 2) and cascaded resonators (3 and 4) in the 
forward (red) and backward (black) directions.
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the resonance wavelengths and phase delay was made, but, in the 
future, thermo- or electro-optic control can be introduced to fur-
ther optimize the performance. These experimental results demon-
strate a practical and feasible solution to overcome the power range 
constraints of nonlinear devices. In addition, the capability to pre-
cisely tailor the coupling between nonlinear resonators and a com-
mon reservoir could allow, for example, the realization of arrays of 
nonlinear elements with self-induced topological protection in the 
optical domain37.

Conclusion
In summary, we have demonstrated that χ(3) nonlinear resonators 
can be used to achieve fully passive, bias-free non-reciprocal pulse 
routing in standard silicon photonic platforms, which is of special 
interest for chip-scale LiDAR. The system architecture was opti-
mized by photonics inverse design. To increase the non-reciprocal 
intensity range while preserving high transmission, a cascaded sys-
tem of Fano and Lorentzian resonators was studied. Quasi-unitary 
forward transmission as well as a broad operating power range were 
demonstrated to illustrate the achievement of the essential, but pre-
viously elusive, functionalities required for application of these pas-
sive non-reciprocal devices to practical photonic systems. Although 
such nonlinearity-based devices are mainly useful for pulsed or peri-
odic source applications due to dynamic reciprocity constraints 16,  
the non-reciprocal signal routing demonstrated in this work repre-
sents a critical advance towards many other practical applications 
of immediate interest in photonics—self-pulsing lasers38, nonlin-
ear pulse shaping39,40, photonic analog-to-digital converters41 and 
all-optical switches42—for advanced optical communications and 
signal processing, spectroscopy and all-optical circuits in a silicon-
nanoelectronics-compatible photonic platform43.
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Methods
Inverse design. Stanford Photonics Inverse Design Software (SPINS)45,46, based on 
the previously described fabrication-constrained inverse design methodology23,24, 
was used to inverse design waveguide reflectors for target reflections of 60, 80 
and 99% for 1,550 nm fundamental-mode TE-polarized light. These reflectors 
were designed inside the 500 nm-wide input waveguide with a design area of 
500 × 2,000 nm2 and a minimum feature size constraint of 120 nm. More inverse 
design details are provided in Supplementary Section IV.

Characterization. Transmission measurements of the non-reciprocal devices were 
performed by coupling a c.w. laser through a single-mode fibre onto the chip via 
grating couplers47 and monitoring the transmitted power through the waveguide-
coupled device in the forward and backward directions while sweeping the laser 
input power (measurement wavelengths: 1,541.4 nm in Fig. 1; 1,533.87 in Fig. 2; 
1,533.87, 1,541.4, 1,547.5, 1,552.1, 1,556.6 and 1,562 nm in Fig. 3b; 1,562 nm in 
panels 1, 3 and 4 of Fig. 3c; 1,547.5 nm in panel 2 of Fig. 3c). The transmission 
values were normalized by performing a transmission measurement of a single 
waveguide with grating couplers. The transmission was recorded over a spectral 
span of 250 GHz with a frequency increment of ~200 MHz. The laser frequency 
was calibrated using fibre interferometer48 and the grating coupling efficiency 
showed ±0.25 dB variations over 10 devices on the same chip. We measured the 
transmission of 10 waveguides with grating couplers and used the average of the 
transmission spectra for the normalization. The propagation direction was changed 
by implementing a fibre switch. It is important to note that the transmissions in 
both directions were measured without counter-propagating waves in the device.

Resonator design parameters. The resonator design parameters are as follows: 
waveguide–cavity gap = 200 nm, cavity–waveguide interaction length = 18.3 μm, 
PTE offset relative to the midplane of a single Fano resonator = 2.28 μm, delay 
lengths between Fano and Lorentzian resonators = 44 and 43.75 μm in panels 3 and 
4 of Fig. 3c, respectively.

Data availability
The data that support the plots within this paper and other findings of this study 
are available from the corresponding author upon reasonable request.
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